The symbiotic microbiota profoundly affect many aspects of host physiology; however, the molecular mechanisms underlying host-microbe cross-talk are largely unknown. Here, we show that the pyrroloquinoline quinone-dependent alcohol dehydrogenase (PQQ-ADH) activity of a commensal bacterium, Acetobacter pomorum, modulates insulin/insulin-like growth factor signaling (IIS) in Drosophila to regulate host homeostatic programs controlling developmental rate, body size, energy metabolism, and intestinal stem cell activity. Germ-free animals monoassociated with PQQ-ADH mutant bacteria displayed severe deregulation of developmental and metabolic homeostasis. Importantly, these defects were reversed by enhancing host IIS or by supplementing the diet with acetic acid, the metabolic product of PQQ-ADH.
A ll metazoans harbor substantial numbers of commensal microorganisms in the gut. It has been well established that commensal bacteria have positive impacts across a wide range of host physiology, including regulation of immunity and metabolism (1) (2) (3) . Recent progress toward understanding gut-microbe interactions using Drosophila revealed that a finetuned regulation of gut immunity is required for the preservation of a healthy commensal community structure to promote host fitness and ensure normal host survival rates (4) . Furthermore, the indigenous gut microbiota also controls the normal turnover rate of gut epithelial cells by regulating intestinal stem cell activity (5) .
Recently, it has been shown that the normal microflora is deeply involved in the energy balance and metabolic homeostasis of host animals (6) (7) (8) (9) . However, our current understanding of the impact of gut microbiota on host physiology is descriptive, due in part to technical difficulties associated with in-depth integrated genetic analysis of both the microbes and the host. To overcome these limitations, we used the combination of Drosophila and its commensal Acetobacter as a model of host-microbe interaction to enable us to perform a simultaneous genetic analysis of both host and microbe in vivo.
To observe the systemic effects of the symbiotic commensal community on the host, we first examined host growth rate and body size in the presence and absence of the commensal microflora by generating conventionally reared and germ-free animals (10) . In conventionally reared fly larvae, the time to develop into a puparium was <7 days; it lengthened to~9 days in germfree larvae when they fed on the axenic standard cornmeal diet (Fig. 1A) . Interestingly, the effect of commensal bacteria on host development was more pronounced when the amount of yeast in the diet was reduced (Fig. 1A and fig. S1 ). Most notably, conventionally reared larvae developed into puparia in~9 days, whereas germ-free larvae died at first instar if fed a diet containing <0.1% yeast or if yeast was substituted by casamino acids (Fig. 1A and fig. S1 ). Casamino acids were found to be essential nutrients for host growth in the absence of yeast. Under these conditions, germ-free larvae had a body size <10% of corresponding conventionally reared larvae 120 hours after egg laying (Fig. 1A and fig. S1 ). At this time point, the effect of the microbiota on host growth was most pronounced. These results indicate that commensal microbiota is able to influence the systemic development of Drosophila by affecting both growth rate and body size.
All metazoan guts harbor complex commensal communities: hundreds of species are present in humans (11) . In Drosophila, the adult midgut is typically in stable contact with a symbiotic commensal community composed of 5 to 20 different microbial species that consist primarily of members of the Acetobacter and Lactobacillus genera (12) (13) (14) . We found that the midgut of laboratory-reared Drosophila harbors five major commensal bacterial species, Commensalibacter intestini, Acetobacter pomorum, Gluconobacter morbifer, Lactobacillus plantarum, and Lactobacillus brevis (12, 15) . Taking advantage of this simple commensal community, we examined whether the beneficial role of commensal microbiota is attributed to the combined effects of whole commensal community or whether it can be attributed to the activities of a subset of the microbiota. We exposed germ-free embryos fed on medium containing casamino acids instead of yeast to each of the five species of commensal bacteria and found that all were able to colonize the host gut independently. Colonization of A. pomorum alone in the germ-free gut was sufficient for restoring the developmental rate and body size of casamino acid-fed larvae such that the developmental rate and body size of the host animals were comparable to those of conventionally reared larvae or germ-free larvae colonized by all five bacteria species (Fig. 1B) . The other four bacteria species had a minor effect on larval growth and development (Fig. 1B) .
Acetic acid bacteria such as Asaia sp. colonize gut epithelial cells of mosquito (Anopheles sp.) through a specific association between the insect epithelial cells and extracellular polysaccharide matrix that surrounds bacterial cells (16, 17) . Because our A. pomorum strain also produced large quantities of extracellular polysaccharides (when cultured in vitro, we observed a thick layer of extracellular polysaccharides), contact between Drosophila gut epithelial cells and A. pomorum may be similar to that observed between Asaia and Anopheles gut cells. To understand the beneficial role of A. pomorum on host developmental homeostasis at the molecular level, we established a draft genome sequence of A. pomorum with a whole-genome shotgun strategy and subsequently performed a transposon Tn5-mediated random mutagenesis to generate an A. pomorum mutant library. The draft genome sequence of A. pomorum consisting of 67 contigs in 19 scaffolds contains 2696 predicted genes with a total genome size of~2.8 Mb. To screen for bacterial genes conferring benefits on the host, we measured growth rate and body size for each cohort of fly larvae colonized by each mutant (N~3000 each) 120 hours after egg laying ( fig. S2 ). We performed two replicates of the genome-wide screening.
We found that 23 cohorts of mutant A. pomorummonoassociated larvae were consistently smaller compared with the wild-type (WT) A. pomorummonoassociated larvae. Analysis of the molecular lesions in the 23 mutant strains identified 14 genes, including 11 genes involved in the periplasmic pyrroloquinoline quinone-dependent alcohol dehydrogenase (PQQ-ADH)-dependent oxidative respiratory chain and three genes encoding proteins with other functions (figs. S3 and S4 and table S1). Larvae colonized with any of the 14 mutant strains showed developmental defects (Fig.  1C) , although the bacteria colonized the larval gut as efficiently as WT A. pomorum ( fig. S5) .
Given that the majority of the bacterial genes we identified as having a growth-promoting effect on their host are known to be involved in the PQQ-ADH-dependent oxidative respiratory chain ( fig. S3 ) and that five different mutations in the PQQ-ADH-I gene were independently identified ( fig. S4 and table S1), we focused on the role of bacterial PQQ-ADH-I on host physiology. Among the five mutants, we subsequently used P3G5 for in-depth analyses. The P3G5 strain itself exhibited a similar in vitro growth rate to that of the parental WT A. pomorum and colonized gut epithelia as efficiently as WT A. pomorum ( fig. S6 ). Under this condition, we observed that the development time to reach puparium formation extended to~14 days in P3G5-monoassociated larvae compared with <10 days in WT A. pomorum-monoassociated larvae ( Fig. 2A) . In low yeast medium, we observed similar results to those from larvae fed on casamino acids ( Fig. 2A) . Control experiments showed that the feeding rate between WT A. pomorum-and P3G5-monoassociated larvae did not differ ( fig. S7 ). In addition to a slower larval developmental rate, we found that P3G5-monoassociated adults were significantly Fig. 1 . Genome-wide screening of the Acetobacter genes essential for host growth. (A) The time to reach puparium formation of conventionally reared w 1118 larvae and germ-free w 1118 larvae fed a standard laboratory diet containing different yeast concentrations (2, 1, 0.5, 0.25, or 0.1%) or the casamino acid diet (casamino acid). The sizes of larvae at the 120th hour of development after egg laying are shown. Data were analyzed using an analysis of variance (ANOVA) followed by Tamhane's T2 post hoc test; values represent mean ± SEM (***P < 0.001). (B) A. pomorum is sufficient for full larval development. Germ-free embryos were associated with each of the five species of commensal bacteria or all five commensal bacteria (+A. pomorum/C. intestini/G. morbifer/L. plantarum/L. brevis). Germ-free embryos and conventionally reared embryos were also used as control. The time to reach puparium formation was measured in the casamino acid diet. The sizes of larvae at the 120th hour of development after egg laying are shown. Data were analyzed using an ANOVA followed by Tamhane's T2 post hoc test; values represent mean ± SEM (***P < 0.001). (C) All 14 screened mutant strains were defective in promoting host development. Germ-free embryos were colonized with each of the 14 mutant A. pomorum strains and the fly larvae fed the casamino acid diet. Mutated gene names and clone identification numbers are shown. Germ-free embryos associated with WT A. pomorum (wild-type) were used as the control. The time to reach puparium formation of WT A. pomorum-monoassociated embryos was arbitrarily designated as 1, and the results are shown as relative time to puparium formation. Data were analyzed using the KruskalWallis test followed by the Mann-Whitney U test using Bonferroni correction to adjust the probability. Bonferroni-adjusted P values were used (**P < 0.01, ***P < 0.001). In box-plot diagrams, black lines and boxes represent the median and first and third quartiles of the values; whiskers extend to minimum and maximum values. In an independent experiment, the time to reach puparium formation of each group of monoassociated larvae (n =~20) was measured. Fig. 2 . Commensal PQQ-ADH activity is required for diverse ranges of host homeostatic programs controlling developmental rate, body size, and metabolism. In all experiments, germ-free embryos monoassociated with the WT A. pomorum (+wild-type) and P3G5 mutant strain (+P3G5) maintained in the casamino acid media were compared. (A) Time to puparium formation and sizes of larvae 120 hours after egg laying. A standard cornmeal-agar medium containing 0.1% yeast was also used. Data were analyzed using the Mann-Whitney U test (***P < 0.001). (B) Adult body sizes. Body weights of adult flies (5 days old) were measured. Data were analyzed using the Mann-Whitney U test (***P < 0.001). (C) Wing area, cell number, and size. Female adult flies (5 days old) were used. Data were analyzed using the Mann-Whitney U test (***P < 0.001). (D) Sugar and lipid levels. The early third instar larvae (10 to 15 larvae per each experiment) were used. Data were analyzed using the Mann-Whitney U test (*P < 0.05 and **P < 0.01). Fig. 3 . Deregulation of developmental and metabolic homeostasis in P3G5-monoassociated animals is rescued by enhancing host IIS. In all experiments, animals maintained in the casamino acid media were compared. The animals used in this study were: wild-type + Hs-GAL4, WT A. pomorummonoassociated control flies carrying Hs-GAL4 alone; P3G5 + Hs-GAL4, P3G5-monoassociated control flies carrying Hs-GAL4 alone; and P3G5 + Hs-GAL4>UAS-DILP2, P3G5-monoassociated flies carrying Hs-GAL4>UAS-DILP2. (A) P3G5-induced dFOXO nuclear localization is abolished upon ectopic DILP2 expression leading to cytoplasmic retention of dFOXO. Fat body tissues of the early third instar larvae were used. (B) Time to puparium formation and the sizes of the larvae at the 120th hour of development after egg laying. Data are analyzed using an ANOVA followed by Tamhane's T2 post hoc test; values represent mean ± SEM (***P < 0.001). (C) Adult body size. Body weights of female adults (5 days old) were measured. Data are analyzed using an ANOVA followed by Tamhane's T2 post hoc test; values represent mean ± SEM (***P < 0.001). (D) Wing area, cell number, and size. Wings of female adult flies (5 days old) were used in this study. Data were analyzed using Kruskal-Wallis test followed by the Mann-Whitney U test using Bonferroni correction to adjust the probability. Bonferroni-adjusted P values were used (*P < 0.05, **P < 0.01, ***P < 0.001). (E) Sugar and lipid levels. The early third instar larvae (10 to 15 larvae per each experiment) were used. Data were analyzed using Kruskal-Wallis test followed by the Mann-Whitney U test using Bonferroni correction to adjust the probability. Bonferroni-adjusted P values were used (**P < 0.01).
smaller than WT A. pomorum-monoassociated adults (Fig. 2B) . Consistent with smaller body size, P3G5-monoassociated adults had smaller wings, with reduced cell size and number, compared with those of control adults (Fig. 2C) , and also small intestines ( fig. S7) . Furthermore, we found that PQQ-ADH activity of A. pomorum ensured the basal number of intestine stem cells (ISCs) and the epithelial cell renewal rate via induction of Unpaired-3 (Upd3) expression for Janus kinase-signal transducers and activators of transcription signaling activation (fig. S8) .
The overall body and tissue size reduction observed in the P3G5-monoassociated animals is reminiscent of animals with defective insulin/ insulin-like growth factor signaling (IIS) (18) (19) (20) (21) (22) . It is known that IIS mutant animals show diabetic phenotypes, including an increase in circulating sugars and stored lipid levels (20, 23, 24) . When we examined the levels of sugars and lipids in P3G5-monoassociated larvae, we found elevated levels of total sugars [glucose and trehalose (the major disaccharide in insects)] and triacylglycerides (the main form of stored lipids) compared with those seen in control larvae (Fig. 2D) . Consistent with the IIS mutant-like phenotype, we found that WT A. pomorum, but not P3G5, was able to induce IIS activation as evidenced by phosphoinositide 3-kinase (PI3K) activation and cytoplasmic retention of the forkhead transcription factor (dFOXO) (fig. S9 ). Furthermore, bacterial PQQ-ADH activity is required for full expression of Drosophila insulin-like peptides (DILPs) in the larval brain, suggesting that PQQ-ADH activity contributes to IIS activation in part through DILP induction (fig. S9) . Importantly, we did not observe all the effects of WT A. pomorum on host developmental and metabolic homeostasis in the absence of host IIS activation ( fig. S10) , indicating that A. pomorum affects host physiological homeostasis through IIS activation.
To further investigate whether metabolic and developmental defects found in a P3G5-monoassociated animal were caused by low IIS pathway activity, we attempted to restore host homeostasis by enhancing IIS activity through ectopic overexpression of DILP2 (Hs-GAL4>UAS-DILP2) in P3G5-monoassociated animals. The results (Fig. 3A) show that dFOXO nuclear localization in the fat body, seen in the P3G5-monoassociated control larvae (carrying the Hs-GAL4 driver alone), was abolished upon ectopic DILP2 expression (that is, P3G5-monoassociated Hs-GAL4>UAS-DILP2 larvae), leading to cytoplasmic retention of dFOXO. Importantly, all metabolic and developmental defects (Fig. 3, B to E), as well as ISC deregulation ( fig. S11 ) caused by P3G5 bacteria were largely rescued in P3G5-monoassociated Hs-GAL4>UAS-DILP2 animals. Interestingly, DILP overexpression could not rescue developmental defects found in germ-free larvae monoassociated with other non-A. pomorum commensal bacteria ( fig. S12 ), indicating that the DILP effect is specific for P3G5-monoassociated animals.
PQQ-ADH is the primary dehydrogenase in the ethanol oxidative respiratory chain of Acetobacter involved in acetic acid production (25) . We found that all screened mutant bacteria including the P3G5 strain showed impaired or severely reduced acetic acid production ( fig. S13) , Fig. 4 . Deregulation of developmental and metabolic homeostasis in P3G5-monoassociated animals is rescued by acetic acid supplementation. In all experiments, animals maintained in the casamino acid media were compared. The animals used in this study were: wild-type, WT A. pomorum-monoassociated control flies; P3G5, P3G5-monoassociated control flies; P3G5 + acetic acid, P3G5-monoassociated flies in the presence of 0.2% acetic acid; and Germ-free + acetic acid, germ-free control flies in the presence of 0.2% acetic acid. (A) Acetic acid supplementation in casamino acid media induces IIS activation in P3G5-monoassociated larvae. PI3K activation state was evaluated by examining membrane targeting of pleckstrin homology-green fluorescent protein (PH-GFP), and localization of dFOXO was examined by immunostaining with an antibody to dFOXO. Fat body tissues of the early third instar larvae were used. DAPI, 4´,6-diamidino-2-phenylindole. (B) Time to puparium formation, and sizes of larvae at the 120th hour of development after egg laying. Data were analyzed using an ANOVA followed by Tamhane's T2 post hoc test. Values represent mean ± SEM (***P < 0.001). (C) Adult body size. Body weights of adult flies (5 days old) were measured. Data were analyzed using an ANOVA followed by Tamhane's T2 post hoc test; values represent mean ± SEM (***P < 0.001). (D)
Wing area, cell number, and size. Wings of female adult flies (5 days old) were used in this study. Data were analyzed using the Kruskal-Wallis test followed by the Mann-Whitney U test using Bonferroni correction to adjust the probability. Bonferroni-adjusted P values were used (***P < 0.001). (E) Sugar and lipid levels. The early third instar larvae (10 to 15 larvae per each experiment) were used. Data were analyzed using the Kruskal-Wallis test followed by the Mann-Whitney U test using Bonferroni correction to adjust the probability. Bonferroni-adjusted P values were used (*P < 0.05, **P < 0.01). suggesting that acetic acid-producing ability is an important factor that affects host physiology. Although acetic acid supplementation in casamino acid media did not result in any appreciable effect on host development in the absence of bacteria (i.e., germ-free animals) or in the presence of commensal bacterium other than A. pomorum (i.e., germ-free animals monoassociated with C. intestini, G. morbifer, L. plantarum, or L. brevis), all disease phenotypes (defects in IIS, development, metabolism and ISCs) found in P3G5-monoassociated animals could be effectively reversed by acetic acid supplementation (Fig. 4 and fig. S13 ). Although the exact mechanism of acetic acid action remains to be elucidated, it is known to affect blood glucose level and insulin signaling in mammals by reducing the digestion rate of complex carbohydrates in the diet (26) . However, the aforementioned P3G5-induced deregulation found when the fly larvae were fed a complex carbohydrate diet (i.e., containing cornmeal) was also observed in fly larvae fed a diet containing simple carbohydrates, such as sucrose or glucose ( fig. S13) . Furthermore, these defects were reversed by supplementing the simple sugar diet with acetic acid ( fig. S13) , indicating that acetic acid may influence host IIS and development through a mechanism other than by reducing the digestion rate of complex carbohydrates from the diet. Given that acetic acid can rescue host physiology only in the presence of P3G5 bacterial metabolic activity, we can conclude that both PQQ-ADH-dependent acetic acid generation and PQQ-ADH-independent acetic acid metabolism are required to promote the effect of A. pomorum on host IIS. Further dissection of the A. pomorum-controlled gut factor(s) that mediates the effect of acetic acid-producing and -using bacterial metabolic activity on host IIS will provide an important link between gut microbiome activity and host metabolic homeostasis.
In summary, the present study showed that the PQQ-ADH respiratory chain of the A. pomorum and IIS of the host interact to maintain the gutmicrobe mutualism. Bacterial PQQ-ADH is required, but not sufficient, to explain all of the A. pomorum-mediated effects on host physiology, and host signaling pathways, other than IIS, may also be modulated by gut bacteria. Our Drosophila-Acetobacter interaction system is a useful genetic model for understanding the mechanistic links between microbiome-modulated host signaling pathways and host physiology.
